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ABSTRACT  Using  a  double-beam  stopped-flow  apparatus  estimations were 
made of the velocity constant for the initial uptake of oxygen by fully reduced 
erythrocytes (k~). Mammalian cells were studied with volumes varying from 
20 #a  (goat)  to  90  #s  (man),  as  were bullfrog cells  (680  #3). Measurements 
were made under physiological conditions of pH,  Poo,, and  temperature.  In 
man k~ was 80 mu  -1 sec  -1  and in other species smaller ceils generally had a 
greater value for k~ than did the larger cells. In the goat it was  1.8  times as 
great as the human value; in the bullfrog it was only one-fifth as great. These 
differences could  not  be  accounted for by interspecific  differences  in  hemo- 
globin kinetics.  The differences probably represent a  true effect of size con- 
ferring some  biological advantage on the species with the smaller cells. The 
cell membrane offered resistance  to oxygen passage.  Using the usual red cell 
model  of an  infinite sheet  of reduced  hemoglobin,  membrane permeability 
appeared  to  differ among mammals.  If,  as  is  likely,  the  effective  cell  half- 
thickness  differs  among mammals, actual membrane permeability differences 
may be less. A method for measurement of oxygen saturation of dilute cell sus- 
pensions is also described. 
INTRODUCTION 
The primary function of the red blood cells is  the transport of oxygen from 
the lungs to  the tissues.  The early work of Hartridge and  Roughton  (1923 
and  1925)  showed that the  rate  of combination of hemoglobin with gases is 
not infinitely rapid but the degree to which reaction rates limited gas uptake 
by red cells was not demonstrated until much later.  In  1957  Roughton and 
Forster  showed  that  in  a  normal  subject  breathing  low  concentrations  of 
carbon monoxide in air the diffusion resistance to the uptake of CO in the 
lungs was about half in the alveolo-capillary membrane and half within the 
capillary. The latter was caused by the slowness of combination of CO with 
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intracellular hemoglobin.  It has  also been  shown  that  the  intracellular re- 
actions impose a significant resistance to oxygen uptake in the lung (Roughton 
and Forster,  1957; Staub, Bishop, and Forster,  1962).  Uptake of CO or 02 by 
reduced or partly reduced red cells involves not only their combination with 
hemoglobin but also their diffusion across the red cell membrane and through 
the interior of the cells. The rate of O~ uptake by deoxygenated or partially 
deoxygenated red cells is limited, possibly in part by the diffusion resistance 
ot the red cell membrane, but mainly by the process of simultaneous chemical 
reaction and diffusion which must take place in the volume of the cell.  Theo- 
retically it can be shown that this process should be a  function of the  size of 
the cell,  or more precisely of the effective thickness, in addition to the  con- 
centration of hemoglobin within  it,  the  velocity constant  of  the  pertinent 
reaction  in  solution,  and  the  diffusion constant  of the  gas  within  the  cell 
substance  (Roughton, 1959).  The size of red cells shows great variation from 
species to species. Among the readily available mammals, the mean corpuscular 
volume (MCV) varies from 20 cubic microns in the goat to 90 cubic microns 
in the human being (Altman, Gibson, and Wang, 1958).  It was felt that study 
of these cells with a fourfold difference in volume, as well as the large nucleated 
red cells of the bullfrog (MCV  =  680 cubic microns), would provide a  good 
measure of the effect of cell size on the kinetics of gas uptake. 
METHODS 
The Stopped-Flow Rapid Reaction Apparatus  This was constructed as described 
by Sirs and Roughton (1963) with certain modifications and additions. In this ap- 
paratus (Fig.  1) light from a filament is focused onto an observation tube about 1 cm 
beyond the point of rapid mixing of the reactants. After passing  through the mixed 
reactants the beam is split by a half-silvered  mirror and each resultant beam passes 
through an interference filter onto a  photomuhiplier. Each photomultiplier is con- 
nected to a cathode follower and the time course of the difference in their outputs is 
recorded on a single sweep of a cathode ray oscilloscope (Fig. 2). The dynode voltages 
were altered to improve the signal to noise ratio. 
In the present series of experiments the color change from reduced to oxyhemo- 
globin was the only one studied, and the filters,  chosen to give relative changes in 
transmission of these substances  opposite  in sign, had transmission peaks at 482 and 
559 millimicrons respectively. 
In order to measure the velocity of flow in the observation tube a  bar  magnet 
passing  through a  solenoid  coil was placed on the top of the upper syringe.  When 
this syringe was pushed upwards by the reactants entering from below,  the magnet 
rose with it and set up an ernf proportional to its rate of movement, which was re- 
corded on the second  channel of the oscilloscope (Fig.  2).  In order to calibrate the 
apparatus the magnet had merely to be permitted to fall freely through the coil under 
the acceleration of gravity and the time course of the induced emf recorded, which 
produced a straight line. Knowing the acceleration of gravity, the elapsed time, and 
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tube, the mean linear velocity of flow in the latter could be calculated. This device 
replaces the moving vane and  phototube system of Gibson  (1954).  The velocity of 
the reactants in the observation tube normally reached a value of 350 to 450 cm/sec 
by the  time stoppage occurred.  The calibration of the time axis was  produced  by 
superimposing a 60 cvs wave on the photograph on the oscilloscope screen. Full stop- 
page occurred in less than 0.5 msec from a velocity of 450 cm/sec in the observation 
tube  (Fig.  2). Thus during the period of deceleration fluid could not have traveled 
more than 0.23 cm in the observation tube and all the reactants at the observation 
point must have passed through the mixing chamber at full velocity. In the course of 
an experiment estimations in which stopping was slow were rejected (this occasionally 
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FIouz~  I.  A  schematic  drawing of the double beam stopped-flow rapid reaction ve- 
locity  apparatus.  CRO  stands  for cathode ray oscilloscope.  The syringes  are pushed 
up by hand. 
occurred if there was not enough fluid volume in the apparatus for the top syringe to 
hit the shelf). 
The adequacy of mixing in the apparatus was determined by observing the iodine- 
thiosulfate reaction and found to be 95 % complete 0.0028 see from the mixing cham- 
ber.  The  measurement  was  made  at  room  temperature  (26°C)  and  mixing  is 
considerably better at  37°C  (Roughton,  1953).  Therefore we  concluded  that  the 
apparatus produced an adequate degree of rapid mixing. 
The Relation  between Electrical  Signal and OaHb Saturation  of the  Cells  The frac- 
tional O~Hb saturation of an unknown (reacting mixture) was calculated as the ratio, 
Output of X  -  output deoxygenated Hb 
Output of 100 % O2Hb  --  output deoxygenated Hb 
If the cell suspension  (deoxygenated Hb) did not have 0 %  O~Hb,  its actual  O2Hb 
fractional saturation had to be added to the above result. The validity of this calcu- 
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[O2Hb] in this range, was justified by comparing the calculated O2Hb saturation of a 
given suspension  (normal human blood diluted  1 : 100) as obtained from the reaction 
apparatus with that obtained from an independent chemical measurement of [O~Hb], 
the details of which are given in  the Appendix.  The results  (Table  I) demonstrate 
that the output of the apparatus is linear with oxygen saturation within the limits of 
experimental error. 
Preparation of Reactants  For the study of intact cells, all blood was freshly drawn 
and  a  cell  suspension  made in  heparinized  saline-phosphate-bicarbonate  buffer as 
used  by Staub,  Bishop,  and  Forster  (1961).  This buffer has  a  pH of 7.4  at a  CO2 
tension of 40 mm at 37°C. The cells were diluted to give a hemoglobin concentration 
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FxotraE  2.  Records  of  the  re- 
action  of deoxygenated  goat  red 
cell  suspension  with  oxygen. 
Smooth curve is the flow rate, the 
noisy  curve the  O2Hb saturation, 
and the sine wave a calibrating 60 
cps  signal.  Sweep  speed  varied 
to  show  the  early part of the  re- 
action  well  (upper figure)  or  the 
entire  reaction  (lower  figure). 
Initial Poa  =  200 mm Hg.  Tem- 
perature 27°C.  (02)  =  0.31 raM. 
of approximately 0.2 g/100 ml, corresponding to a dilution of 1 : 70 of normal human 
blood. Several hundred milliliters of the dilute suspension were then put into a  2 liter 
aspirator bottle which was equilibrated by repeated flushing and shaking with 8 liters 
of helium  containing  approximately 5.9%  COs,  at  37°C.  In  the  early  studies  we 
checked,  using  02  and  CO2  electrodes,  that  this  procedure  produced  equilibrium 
between the gas and  liquid  but once this  had been established further checks were 
not normally done.  In the case of frog red  cells,  which hemolyze more easily when 
subjected to anoxia, 30 mI of the suspension was exposed to 2 liters of the helium-CO2 
mixture by gently rotating the bottle for 2 min. The efficacy of this in equilibration 
was checked and found to be satisfactory, oxygen tension being less than 2  mm Hg. 
The buffer 02 used with mammalian cells was diluted to 70 % strength with distilled 
water when used with frog red cells to allow for the different tonicity of frog plasma. 
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with that in which the cells were suspended.  It was equilibrated with the required gas 
mixture in the same fashion and the COs tension used was the same. 
Unless  otherwise  stated  the  experiments  on  cell  reaction  rates  were  completed 
within 2 to 3 hr of the blood being drawn. 
The hemoglobin for the study of reaction rates in solution was obtained by hemo- 
lyzing the cells and diluting the hemolysate. Hemolysis was produced either by addi- 
tion  of a  concentrate  of saline-washed  cells  to  distilled  water,  or  by freezing  and 
subsequent  thawing.  The latter method  enabled reactions  to  be studied  some days 
after drawing of the blood. The buffer used to dilute the hemolysate was made up to 
resemble  the  intracdlular  environment  of  hemoglobin  (Albritton,  1952),  and  its 
composition  in  grams  per  liter  was  KG1  7.46,  NaHCO~  1.26,  N~HPO4  0.35,  and 
KH~PO4 0.136. 
TABLE  I 
COMPARISON OF THE OXYGEN SATURATION OF HEMOGLOBIN 
IN A DILUTE SUSPENSION OF RED  CELLS AS MEASURED 
IN THE STOPPED-FLOW APPARATUS AND INDE- 
PENDENTLY WITH FERRICYANIDE AND AN 
OXYGEN ELECTRODE 
Saturation in stopped-flow apparatus  Saturation by ferricyanid¢ method 
%  % 
0  (defined)  0.6 
22.6  21 
52.8  52 
77.0  75 
Examination of Red Cells  The species studied provided a wide variation in MCV 
(Altman,  Gibson,  and  Wang,  1958).  In  all  species  except  the  frog  the  MCV  was 
checked,  both  sides  of the  hemocytometer chamber  being  counted  for  all  red  cell 
counts. The values found were in conformity with those given in the tables as standard 
for the animal. 
Attempts were made to measure the dimensions of the red cells in the buffer using a 
graticule calibrated against a  hemocytometer grid.  The frog cells had long and short 
diameters of 24 and  16  /~ respectively.  In the case of the mammalian cells this tech- 
nique was unsatisfactory. The ceils with the larger volumes had larger diameters but 
diffraction  around  the  edges  prevented  accurate  measurements  being  made.  Cells 
were examined microscopically at the end of the experiment to check general preserva- 
tion of size and shape. The suspension was centrifuged and the supernatant fluid ex- 
amined for evidence of hemolysis, which was absent in those experiments included in 
Results,  with the single exception of the measurements on dog cells.  In all these ex- 
periments there was some slight hemolysis at the end of the experiment and the cells 
generally appeared crenated.  We did not consider that this was of sufficient degree to 
render  the  results invalid. 
Calculations  The reaction  constant calculated  was  the initial  forward velocity 
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obtained for each single curve from the slope of the tangent at the initial part of the 
curve.  In  each  experiment several  curves were  photographed,  measured,  and  the 
mean values taken. 
The relevant equation is 
d[O2 Hb] 
-  k'0[Hb]o [02]0  ( 1 )  dt 
Where  [O2Hb]  is  the  concentration  of oxyhemoglobin,  [Hb]o  the  initial  concen- 
tration of deoxygenated hemoglobin at the start of the reaction, and [02]0  the  initial 
concentration of dissolved 02 at the start of the reaction, all in millimoles, t is time 
in seconds, klc is the velocity constant for the reaction. It is not strictly analogous to a 
bimolecular reaction velocity constant, as indicated by the subscript "c," because the 
hemoglobin  is  within  the  cell  and  the  02  is  outside  the  cell  (Forster,  Roughton, 
Kreuzer, and Briscoe, 1957). Equation 1 can be rearranged to solve for kl, as follows :-- 
diG2 Hb] 
k:  -  dt  x  1 
[Hb]o  [02]o 
(2) 
The  [02]  of the buffer solution was obtained by using the value of 0.0227 ml/(ml/ 
atmos)  for the  Bunsen  solubility  coefficient at  37°C  in  0.155  mM  NaC1  (Altman, 
Gibson, and Wang,  1958) and the Po~ of the gas with which the solutions were equi- 
librated.  [02]0,  the  02 concentration in  the reacting mixture before any of the gas 
has reacted with hemoglobin, was calculated as the average of the  [02]  of the cell 
suspension  and  the buffer solution.  In  most cases  the cell  suspension  had  zero  02 
tension and the mixture was half that in the oxygen solution. 
Since the reacting mixture is observed about 3 msec after mixing has taken place, 
the value of the initial k~ calculated will be in error, because (a) the measured slope, 
d (02Hb)/dt, will be less than the actual initial slope since the process is slowing down; 
(b) the concentrations of both hemoglobin and oxygen at the earliest observable point 
of the record will be less than [Hb]o and  [02]o; (c) the back reaction, the breakdown 
of O2Hb to form 02 and reduced Hb, which is ignored in Equation 2, increases; and 
(d) the observed total change in [O2Hb], which is used to calibrate, is not 100 % as is 
assumed.  In order to compensate, the initial values of [02]o and  [Hb]o used in  the 
calculations were reduced to their values  at the point of stopping flow.  Several of 
the remaining errors cancel out and if the largest value of k'c found is used to exagger- 
ate their effect, the calculated error is found to be only 3 %. 
With the usual  concentration of hemoglobin present  (oxygen capacity of 0.0015 
ml/ml or less after mixing) the O~ partial pressure fell only approximately 0.5 mm Hg 
for each 1% increase in [O2Hb]. The oxygen tension used in the reactant buffer was 
usually 400 mm Hg, reducing to 200 mm Hg as the mixing of the reactants occurred, 
and  to about  150  mm Hg after completion of the reaction. This Po~ was still high 
enough to give 100 % O2Hb saturation. When studies were done using lower initial 02 
tensions, the  [02]  at the end of the reaction was often insufficient to produce  100% 
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pliers from experiments done immediately before or after was used.  Measurement of 
the change in electrical output when 0 and 100 % O2Hb were in the observation tube 
over a  period of 2 hr demonstrated no significant change in sensitivity, supporting 
the validity of calibrating in this manner. 
As a check on the apparatus and calculations, blood from goat and man was studied 
using a reactant buffer Po2 of 400 and  160 mm Hg. The values of U obtained were 
not significantly different and therefore independent of initial Po2. 
Material  Seven  different species  were  studied.  The  animals  studied  were: 
two male and one female human beings in the 25 to 35 yr age group; two adult goats, 
a  male  (i)  and a  pregnant female (ii); two thoroughbred horses, aged 2 to 4 
yr; a colt (i) and a gelding (ii); two adult rabbits, both New Zealand whites, a 
female (i) and a male (ii); a ewe whose red cells were of the high sodium type; 
four dogs, one being a German shepherd (i) and three being mongrels (ii-iv) ; 
two bullfrogs, both collected in the autumn. 
All  the mammals studied have nonnucleated, biconcave,  circular red  cells,  but 
those of the bullfrog are nucleated, biconvex,  and ovoid. 
RESULTS 
The results of the measurements in cells are  shown in Table II and in Fig. 3 
and demonstrate that k~, decreases as cell volume increases. 
Stability  of the  Velocity Constant after Drawing of Blood  The effect of lapse 
of time after venesection on k~ was investigated in two instances. Blood was 
drawn from a  human subject and  the  estimation carried  out as  quickly as 
possible and then repeated at intervals over the next several hours using the 
same deoxygenated suspension of cells. The results  (Table III) show that no 
significant change in k~  (SB  -4-  5 raM-' see  -1 from Table II) occurred in the 
first 2a/~ hr after taking blood and thus that estimation can validly be done at 
any time during this period. This check was necessary in view of the finding 
of Sirs  (1963)  that k~ fell rapidly over a  3 hr period. The absolute values of k~ 
on human iii were  questioned  because  of technical difficulties and  omitted 
from Table II. The serial readings as an indication of the lack of a  trend of 
k~ with time are valid. 
Effect of Temperature on  Velocity Constant k~  It was not always possible to 
control the temperature of the reactants more closely than to plus or minus 
1 °C. The effect of temperature changes on the constant in the goat and man 
was  therefore  tested.  Measurements  were  made  at  27  and  37°C  with  the 
Pco, at each temperature the same. The pH at the lower temperature was 0.1 
lower  than  at  the  higher temperature.  In  goat  (ii)  k~  was  133  mM  -~  sec -1 
at both temperatures. Human beings (ii) gave a value at 37C of 85 mM  -~ see -~ 
for k~ and at 25°C,  70  mM  -I sec-k  The results indicate that any change in 
reaction velocity constant over 1  °C was very small. 
Velocity Constants for Hemoglobin in Solution (k')  (Table IV)  Owing to the 
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stants  were  more  difficult  to  measureaccurately  and  were  not  done  in  all 
cases.  It is likely that the results are too high as the first 40% of the reaction 
was missed because of the dead time of the instrument  (Gibson,  1959). How- 
ever,  this  should  not  appreciably  affect the  relative  values for  the  different 
TABLE  II 
INITIAL  CELL VELOCITY  CONSTANT  FOR  OXYGEN 
COMBINATION WITH  INTRACELLULAR HEMOGLOBIN 
k~ 
No. of curves 
Animal  MCV  Hb  Temperature measured  Mean  st: mean 
t~t  g/100 rnl 
Goat i  20  11.1 
Goat ii  (20)  (10.5) 
Sheep  33  13.2 
Horse i  43  15.1 
Horse ii  45  15.6 
Rabbit i  66  11.4 
Rabbit ii  74  14.0 
Dog i  68  13.8 
Dog ii  71  13.8 
Dog iii  (66)  (14.8) 
Dog iv  (66)  (14.8) 
Man i  (90)  (15.0) 
Man ii  (90)  (15.0) 
Bullfrog i  (680)  (7.8) 
Bullfrog ii  (680)  (7.8) 
°c  m  M-I ~c-I 
37  10  158  2.5 
37  5  133  3,0 
27  2  133  3.0 
37  8  137  4.6 
37  5  109  2.8 
37  7  93  4.1 
37  5  79  4.1 
37  12  76  3.2 
37  10  67  1.5 
37  3  69  2.1 
37  4  64  0.5 
37  6  67  1.1 
37  10  77  1.7 
37  11  85  1.3 
25  3  70  1.3 
25  8  19  0.9 
25  3  19  0.2 
In consideration of O2 exchange in capillary beds one needs to know the rate of 02 uptake by 
intraceUular hemoglobin per milliliter of capillary blood per millimeter Hg of 02 tension dif- 
ference between the cell interior and the plasma,  symbolized by  0  (Roughton  and  Forster, 
1957).  0 in ml/(ml X  mm Hg X  rain)  =  k~ in mM  --t sec  -1 X  (lib) in g/100 ml X  0.00113. 
bloods. It is noted that in the four species studied there was little interspecific 
variation  in  k'  (all  measured  at  42  mm  CO~  tension),  and  that  the  values 
found were of the same order as those found by Gibson, Kreuzer,  Meda, and 
Roughton  (1955)  for human  hemoglobin  at pH  7.1  at  37°C.  k r and  k~ were 
both  measured  in horse  (i),  goat  (i),  and  man  (ii)  for the  purpose  of com- 
parison  in the same individual,  but this was not done in the bullfrog, simply 
because it was not possible to get sufficient blood to do both sets of estimations. R.  A.  B.  HOLLAND AND  R.  E.  FORSaXR  Red Cell Size" and k et  735 
When  the  frog hemolysate was  deoxygenated,  a  precipitate  formed which 
was allowed to settle and removed before measuring the rate of the reaction. 
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Graph  of reaction velocity constant  (kt,) of red cell suspensions  calculated 
from the initial rate of increase of 02Hb% plotted against mean corpuscular volume. 
TABLE  III 
EFFECT ON  k~  OF  LAPSE  OF  TIME  AFTER DRAWING 
BLOOD  IN  TWO  HUMAN  SUBJECTS 
Subject ii  Subject iii 
Time from drawing blood  k~  Time from drawing blood  k~ 
toM-1 x~c-1  mM-I $e¢-| 
23 rain  83  20 rain  70 
56 rain  84  28 min  56 
1 hr., 51 rain  90  1 hr., 30 rain  59 
2 hr., 41  rain  70 
DISCUSSION 
Validity  of  the  Results  The  stopped-flow  apparatus  is  a  convenient 
method  for  studying  intracellular  reactions  of hemoglobin  but  there  is  a 
theoretical objection to its use which must be considered before the differences 
in  k~  can be  accepted.  If,  on  stoppage  of flow,  cell  motion relative  to  the 
suspending fluid ceases abruptly, diffusion is the only mechanism for bringing 
oxygen molecules through the buffer up to the surface of the red cells.  If this 
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value found for this latter rate would be falsely low, the error being greatest 
in the case with the larger cells.  Sirs and Roughton found  that  k~ for sheep 
ceils measured with the stopped-flow apparatus was identical with k~ measured 
with the rapid steady flow apparatus, so in practice it is unlikely that signifi- 
cant concentration gradient developed in the buffer. In addition the values of 
k~  reported  here  for  human  cells  agree  with  those  of Forster,  Roughton, 
Kreuzer,  and Briscoe  (1957)  using steady flow and optical detection. 
Sirs and Roughton (I 963) have cast doubt as to whether the change in the 
difference (transmission at color A  -  transmission at color B) on going from 
deoxygenated  to  more  oxygenated  hemoglobin is  a  linear  function of the 
change  in  O~Hb  percentage.  We  therefore  compared  the  change  in  this 
TABLE  IV 
THE  INITIAL  REACTION  KATE 
OF  HEMOGLOBIN  IN  SOLUTION  WITH 
OXYGEN  AT  PHYSIOLOGICAL  pH 
Species  Method  of hemolysis  Temperature  k' 
o  C  mM-I sea-I 
Horse  (i)  Freeze-thaw  37  2.4 X  l0  s 
Goat  (i)  Distilled H20  27  2.7  X  l0  s 
Man  (ii)  Distilled H~O  37  2.4 X  l0  s 
Bullfrog  Distilled H~O  28  2.7  X  108 
difference as measured at the colors 482 and 559 millimicrons by the photo- 
multipliers and found it linear within the error of measurement (Table  I). 
We are at a  loss  to explain the discrepancy between our results and those of 
Sirs  and  Roughton although  we  have  consistently found  a  linear  relation 
between the change in O~Hb% saturation and the output difference at two 
colors  (Forster,  Roughton, Kreuzer,  and Briscoe,  1957). 
The CO~ tension and pH were not identical in all subjects but the variation 
was small and insignificant. Forster, Roughton, Kreuzer,  and Briscoe (1957) 
found k~ to change by only 20% when the pH was dropped from 7.8 to 7.4 
and CO~ tension raised from zero to 60 mm Hg. 
Biological Significance  It has been demonstrated (Roughton and Forster, 
1957)  that the relatively slow rate of combination of CO and O, with intra- 
corpuscular hemoglobin may constitute a  significant barrier  to their uptake 
in the lungs of man. This barrier  would be lessened in the case of animals 
such as the goat and the sheep whose cells have a  higher value for k~. How- 
ever,  the volume rate at which gases combine with hemoglobin in the lungs 
at a  given O~ tension in vivo is a  function, not only of the reaction velocity 
constant k~ alone, but also of the concentration of hemoglobin in the pulmo- 
nary capillary blood and the pulmonary capillary blood volume. The low k£ R.  A.  B.  HOLLAND AND  R.  E.  FORBTER  Red Cell Size and ktc  737 
in the frog, combined with its low blood hemoglobin concentration, gives it a 
relatively very high resistance to oxygen uptake in the lungs and renders it 
poorly adapted to rapid uptake of this gas. 
What Is the Explanation for the  Variation in k~ with Red Cell  Volume? 
The initial quasi-steady-state rate of 02 uptake by a  membraneless layer of 
completely reduced  hemoglobin solution  surrounded  by  a  solution  of 02, 
which approximates the situation when a  red cell is suddenly exposed to O~, 
is bimolecular in form (Equation  1) but the reaction velocity constant, k~, is 
not the same as that for a homogeneous solution of hemoglobin which is desig- 
nated  k'.  This  is  because  the  process  is  one  of simultaneous diffusion and 
chemical reaction.  For the case of an infinite layer k~ can be expressed as a 
function of k' according to the following approximate relation (Forster,  1964; 
Roughton,  1959) 
'  1A/.k'D  (3) 
k~  =  ~  ,]/  [Hb] 
b is the half-thickness of the layer in cm, k' the reaction velocity constant in 
solution in mM  -1, D  the diffusion coefficient for O~ in the layer of hemoglobin 
solution in cm2/sec, and  [Hb]  the concentration of reduced hemoglobin in 
mM -1, 
Intracellular  hemoglobin  concentration  (which  approximated  [Fib])  in 
the different animals varied only from 17.8 to 20.8 mM. According to Equation 
3  k~ would vary inversely as  the square root of [Fib]  or in the ratio  (20.8/ 
17.8) 1/2  =  1.08,  which could hardly explain the variation in k~ seen. 
Similarly  the  reaction  velocity constant  k'  in  solution varied  only from 
2.7  X  103 to 2.4  X  103, giving a  maximum variation of 1.125.  According to 
Equation 3, the ratio of 02 uptake would vary as (k') 1/2 or could be expected to 
change by a factor of only 1.06,  again too little to explain the actual variation 
in k~ found. 
The most obvious factor  that  could  produce a  decrease  in  k~  when  cell 
volume increases  is an  increase in intracellular diffusion distance,  which in 
Equation 3 would be represented by b, the half-thickness of the sheet. Using 
the average of the maximal and minimal thickness of the red cell according 
to the data of Ponder (1948) one obtains values of 1.7,  1.35, and 1.45 microns 
for the cells of man,  rabbit,  and sheep respectively. According to Equation 
3 k~ should vary proportionally to  1/b.  The ratios of the reciprocals of these 
values for thickness are  I : 1.2 : 1.1  whereas the ratios of the respective values 
of k~  found  experimentally are  1:0.95:1.7  for  man,  rabbit,  and  sheep  re- 
spectively. Thus, the variation in the values used for b is not great enough to 
explain the change in k~. Use of the correct average thickness of the cell does 738  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  49  "  I966 
not give any better agreement. However,  it is  hard  to know what value to 
use for b: the dimensions are difficult to measure experimentally; the cell is 
not an infinite layer without  end  effects; and  according to  numerical com- 
putations  (Forster,  1964)  the thickness of the red cell which comes closest to 
the correct value for use in Equation  3  is not the average, nor the mean of 
the  maximal  and  minimal  thickness,  but  nearer  to  the  greatest  thickness. 
Nonetheless,  although  k~  does decrease with decreasing size,  the relation  is 
not precisely that predicted by Equation  3. 
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I/radius of a  sphere of the same volume as the red cells. 
From a naive point of view, intracellular diffusion distance must increase as 
volume increases. Thus if we assume that the red cell should be considered a 
sphere  without  a  membrane  of significant  diffusion  resistance,  the  initial 
quasi-steady-state value  of k:  is  (Forster,  1964) 
k~  3  4/~  "~  (4)  7  v  L' 
r is the radius of the sphere in centimeters. The remainder of the symbols are 
the same as  in  Equation  3. Just as  in  the case of the  layer of hemoglobin 
solution, changes in k', [Hb], and D would not be expected to be of importance 
and  again  their variation would not explain  the range of values of k~ seen. 
We  have  calculated  the  radius  of this  hypothetical  sphere  from  the  mean 
corpuscular volume given in Table  II  and  plotted  k~ against  1/r in  Fig.  4. 
While  the linear relation resulting may imply that  the cells should  be con- ! 
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sidered  as spheres under the conditions prevailing in the  reaction apparatus, 
it is  also  quite  possible  that  the  relation is fortuitous. 
In  Table  V,  values  for  X have  been  calculated  from our results.  X is  the 
ratio of the permeability of the cell wall to that of the cell interior, and equals 
TABLE  V 
VALUES OF k  IN SPECIES STUDIED 
Species  Temperature  k'  c  k  t  b  1  X 
° C,  mM-I  See-1  raM-1 se¢-I 
Goat  27  150  2.7 X  l0  s  0.700  4.3 
0.8OO 
Sheep  37  135  2.0  X  l0  s  0.725  3.2 
3.0 X  l0  s  2.9 
Horse  37  100  2.4 X  l0  s  0.700  1.9 
0.800  2.5 
Rabbit  37  78  2.0 X  l0  s  0.675  1.25 
3.0  X  l0  s  1.20 
Man  37  80  2.4 X  l0  s  0.800  1.8 
Bullfrog  27  18  2.7  X  l0  s  1.0  0.42 
1.5  0.93 
DI was taken as 7.1  X  10  -8 cm2/sec at 37°0 in 20 rn~ Hb  (normal for mammalian cells). Where 
temperature differed or where hemoglobin concentration differed as in the frog, Dt was cor- 
rected as described by Roughton (1959). 
Where accurate data are unavailable for cell thickness or k', calculations have been done with a 
range of values,  some calculations have also been done for very high values  of k'. 
D2/b2 
k  =  D---~I' where Ds and Dt  are the diffusion coefficients of the membrane and cell interior 
respectively,  and  bs  and  bl  are the thickness of the membrane and the half-thickness of the 
equivalent layer of hemoglobin solution respectively. 
the  diffusion  coefficient of the  membrane  (D~)/thickness  of the  membrane 
(b~), divided by the diffusion coefficient in the cell interior (D0/half-thickness 
of the cell (bl). The relation used for the computations is that for a semiinfinite 
layer of hemoglobin solution bounded by a  membrane  (Forster,  1964; Rough- 
ton,  1959) 
where 
'  1 
o(, 
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The values used for cell thickness in man, rabbit, and sheep have been  taken 
from Ponder's  tables  (Ponder,  1948)  and  mean  thickness calculated as  the 
average of the greatest and least thicknesses. In the goat and horse, 1.4 microns 
and  1.6 microns were used respectively, no data for the thickness being avail- 
able. No calculations were done for the dog cells as the estimations of k' were 
unsatisfactory.  The  nucleus  of the  frog  cells  complicates  estimation  of the 
effective thickness but by calculations from MCV and  the area  of the cell, 
values of 2 and 3 microns were obtained. Both were used in drawing up the 
table. The values of X obtained suggest that the membrane imposes a  signifi- 
cant resistance to diffusion into the red cell.  However, the assumptions that 
go into the calculations and the variation in the results make a more detailed 
analysis unjustifiable at this time  (Forster,  1964). 
The decrease in k~ seen with increasing mean corpuscular volume may have 
resulted from a concomitant decrease in permeability of the red cell membrane 
in addition to the increase in diffusion distance. The decrease in X with in- 
crease in size (Table V) is compatible with this idea. However, there is great 
uncertainty in the thickness (b),  which is a  critical datum in the calculation, 
and a large over-all variability in X may be an artefact due to this uncertainty. 
Appendix  Measurement of the  Oxygen  Saturation  of  Dilute 
Red Cell Suspensions 
It was necessary to develop this method for the measurement of O2Hb % saturation 
in cell suspensions because the usual methods had serious defects. Spectrophotometry 
cannot be trusted to give correct absorption values in intact cell suspensions because 
of the problem of light scattering among other things.  Lysis of the cells could alter 
the environment of the hemoglobin and cause a  prohibitive change in O2Hb % in 
suspensions as dilute as those used in which the dissolved 02 is about as great as that 
combined. Therefore even if the total 02 content is measured, as in the Van Slyke 
apparatus, one cannot obtain the [O2Hb] without knowing the Po2. The principle of 
the method was the measurement of the Po: of the cell suspension at a known tem- 
perature as described by Polgar and Forster (1960) before and after the combined 
oxygen had  been  liberated  by a  ferricyanide-saponin solution.  Change in  oxygen 
tension must be due to freeing of oxygen from oxyhemoglobin and its addition to the 
oxygen already dissolved. 
Measurements were  made  at  37°C.  At  this  temperature  the  Bunsen  solubility 
coefficient for oxygen in 0.155 M  NaCl is 0.02273 ml/ml/atmosphere (Altman, Gibson, 
and Wang,  1958). Hence each  1 mm Hg of Po~ in such a  solution represents  3  )< 
l0  -5 ml O~/ml of solution. 
The volume of ferricyanide-saponin solution was kept small so that the corrections 
for oxygen dissolved in this would be minimal. The measured dead space  (0.11 ml) 
of a glass-tipped  syringe with hypodermic needle attached was filled with 0.8 % po- 
tassium ferricyanide to which 3 % saponin had been added. Equilibrated with air at 
room temperature (27°C) this fluid contained 5 X  10-* ml of Oz. The cell suspension 
to be measured was drawn into this syringe by inserting the needle through the wall R.  A.  B.  HOLLAND AND  R.  E.  FORSTER  Red Cell  Size  and k'  c  741 
of Nylex  tubing  through  which  the  cell  suspension  was  flowing.  Tests  with  fully 
deoxygenated buffer showed that this could be done completely anaerobically. 
After hemolysis and conversion of the hemoglobin to methemoglobin had occurred, 
the Po2 was measured and compared to that obtained on an aliquot of the original 
cell  suspension.  Total  hemoglobin  was  estimated  on  a  spectrophotometer  as  cyan- 
methemoglobin. The subjects concerned were nonsmokers so this would have meas- 
ured  very little  nonfunctional  hemoglobin. 
A  sample calculation is shown below. 
Po2 of cell suspension before 02 liberation  =  27.6 mm Hg. 
This contained 27.6  X  (3  X  10  -5)  X  10  =  0.00826,  ml dissolved 02 in  10 ml. 
Po2 of solution after O2 liberation  =  60.3 mm Hg. 
This contained 60.3  X  3 X  10  -5)  X  10.1  =  0.01827 ml O~. in 10.1 ml, of which0.00005 
ml was added  in  the ferricyanide solution.  Therefore  the  02  liberated  in  10  ml  of 
suspension  is  0.01827  --  0.00005  --  0.00826  =  0.00996  ml,  or  0.000996  ml/ml. 
From  spectrophotometric  measurement  of cyanmethemoglobin  the  solution  con- 
tained  0.00137  g  Hb/ml. 
Therefore,  oxygen  capacity  of original  suspension  was  0.00137  X  (10.0/10.1)  X 
1.34  =  0.00182 ml/ml where  1.34 is the ml O, eapaeity/g Hb. Hence oxygen satura- 
tion of the original suspension was 54.6 %. 
If not  allowed for,  the  oxygen content  of 0.1  ml of ferrieyanide in  10 ml of cell 
suspension would give a  result for saturation of 2.6 % when completely deoxygenated 
ceils were measured, the error becoming proportionately less as the original saturation 
became greater.  The exact volume of ferricyanide used is not critical as an error of 
20 % in this would at most give an error of 0.5 % in saturation.  Similarly the volume 
to which the syringe is filled need  not be exactly  10 mi.  The change in Po, gives a 
reliable measure of oxygen liberated per unit volume and the only reason for knowing 
the total volume used is to apply the correction for oxygen added in the ferricyanide 
solution. 
This research was supported  in part by Grant H-4108 from the National  Institutes of Health. 
We wish to thank Mrs. D. Thyrum, Miss S. IV[. Safstrom, and Miss M. Kokosky for technical  as- 
sistance. 
Dr. Holland  was a Traveling  Fellow of the Post-Graduate  Medical  Foundation  of the University 
of Sydney at the time of this study. 
Received for publication 29 March,  1965. 
REFERENCES 
ALBRITTON, E.  C.,  Standard  Values  in  Blood,  Philadelphia,  W.  B.  Saunders  Co., 
1952. 
ALTMAN, P.  L.,  GIBSON, J.  F.,  JR.,  and  WANG, C.  C.,  Handbook  of Respiration, 
Philadelphia,  W.  B.  Saunders  Co.,  1958. 
FORSTER, R.  E.,  it/  Handbook of Physiology, section  3.  Respiration,  (W.  Fenn  and 742  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  "  VOLUME  49  •  I966 
H. Rahn, editors),  Washington,  D.C., The American Physiological Society, 1964, 
1,827. 
FORSTER, R.  E., ROUGHTON, F. J.  w., KImUZER,  F., and BmscoE, W. A., J.  Appl. 
Physiol., 1957, 11, 260. 
GIBSON, Q. H., Discussions Faraday Soc., 1954, 17,137. 
GmSON, Q. H., Progr. Biophysics and Biophysic. Chem., 1959, 9, 1. 
GIBSON, Q. H., KamUZER, F., MEDA, E., and ROUCHTON, F. J. w., J. Physiol., 1955, 
129, 65. 
HARTRIDGE, H., and ROUGHTON, F. J. w., Proc. Roy. Soc. London, Series B,  1923, 94, 
336. 
HARTRmGE, H., and ROUGHTON, F. J. w., Proc. Roy. Soc. London, Series A, 1925, 107, 
654. 
POLGAR, G., and FORSTErt, R. E., J. Appl. Physiol., 1960, 15,706. 
PONDF.R, E.,  Hemolysis and Related Phenomena, New York, Grune and Stratton, 
1948. 
ROUGHTON, F. J. W., in Technique of Organic Chemistry,  (A. Weissberger, editor), 
Vol. VIII. Investigation of rates  and mechanisms of reactions,  New York,  Inter- 
science Publishers,  Inc.,  1953, 669. 
ROUGHTON, F. J. w., Progr. Biophysics and Biophysic. Chem., 1959, 9, 55. 
ROUOHTON, F. J. w., and FORST~R, R. E., J. Appl. Physiol., 1957, 11, 290. 
SIRS, J. A., J. Appl. Physiol., 1963, 18, 175. 
SIRS, J. A., and ROUGHTON, F. J. w., J. Appl. Physiol., 1963, 18, 158. 
STAIRS, N. C., BISHOP,  J. M., and FO~TErt, R. E., J. Appl. Physiol., 1961, 16,511. 
STA~B, N. C., BISHOp, J. M., and FO~TER, R. E., J. Appl. Physiol., 1962, 17, 21. 